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We describe imbibition in real and artificial plant seeds, using a combination of experiments and
theory. In both systems, our experiments demonstrate that liquid permeates the substrate at a rate
which decreases gradually over time. Tomographic imaging of soy seeds is used to confirmed this
by observation of the permeating liquid using an iodine stain. To rationalize the experimental data,
we propose a model based on capillary action which predicts the temporal evolution of the radius
of the wet front and the seed mass. The depth of the wetting front initially evolves as t1/2 in accord
with the Lucas-Washburn law. At later times, when the sphere is almost completely filled, the front
radius scales as (1 − t/tmax)
1/2 where tmax is the time required to complete imbibition. The data
obtained on both natural and artificial seeds collapse onto a single curve that agrees well with our
model, suggesting that capillary phenomena contibute to moisture uptake in soy seeds.
(† = equal contributors.)
I. INTRODUCTION
Imbibition is the spontaneous uptake of liquids by dry
porous materials. It is a process which plays a key role in
numerous industrial processes, for instance, in painting,
printing and oil recovery [1]. Imbibition is also a criti-
cal stage in germination of plants seeds: it is essential
for enzyme activation, breakdown of starch into sugars
and transport of nutrients to the developing embryo [2–
4]. Imbibition in plant seeds has been studied under a
range of conditions, e.g. drought or salinity tolerance, yet
the basic physical mechanisms that influence the rate of
uptake in many seeds are not clear [4–6].
Water is a basic requirement for germination of plant
seeds. In their resting state, plant seeds are low in mois-
ture (5 − 15%) and almost metabolically inactive. A re-
markable property of seeds is that they are able to sur-
vive in this state, often for many years. Most seeds have
a critical moisture content for germination to occur. For
example, this value in corn is approximately 30% while
for wheat it is 50% [7, 8]. Once that critical seed moisture
content is attained, germination starts and cannot sub-
sequently be reversed. If the internal moisture content
later decreases below the critical value, most seeds will
decay in the soil. Thus, precise temporal and spatial con-
trol of the imbibition process is essential: If the process
is too fast, the seed would risk initiating germination in
a dry environment. If, by contrast, the uptake of water
occurs slowly, the seed would risk falling behind in the
competition with other plants for light and soil nutrients
[4].
The duration of imbibition depends on certain inherent
properties of the seed, e.g., hydratable substrate content,
seed coat permeability, seed size and on the prevailing
conditions during hydration: temperature, initial mois-
ture content, water and oxygen availability. Moreover,
different parts of a seed may pass through these phases
at different rates; e.g., an embryo or tissue located near
the surface of a large seed may swell even before its as-
sociated bulky storage tissue has become fully imbibed
[4, 9–11]. The structure of the porous material also in-
fluences the rate of moisture uptake. Multi-scale pores
are common in biological materials [12]; either due to
variations in the particle/cell size or due to the presence
of cracks. It is thus unclear if the imbibition process in
plant seeds is homogenous, or if spatial variations could
lead to heterogeneous flow patterns [13–16].
In this paper, we make a first attempt at separat-
ing physical and biological processes in the hydration
process. Our approach is to combine imbibition experi-
ments on real and artificial seeds with theory to elucidate
the physical processes that control water uptake in plant
seeds.
II. EXPERIMENTS
Imbibition experiments were conducted on soy
(Glycine max ) and artificial seeds (Fig. 1(a)). Each seed
was submerged in a liquid bath, and the mass m(t) was
measured at regular time intervals (Fig. 1(b,c)). Finally,
X-ray computed tomography was used to directly visual-
ize the imbibition process (Fig. 1(d)).
A. Soy seeds
Soy seeds of diameter d = 6 − 8 mm were stored at
temperatures 20, 50 and 80◦C for 24 hours. For ev-
ery temperature, each of the N = 7 − 12 seeds were
placed in separate beakers filled with tap water. The
seeds were periodically weighed one-by-one using a bal-
ance (Quintix124-1S, Sartorius Lab Instruments GmbH
& co, Goettingen, Germany) to quantify the change in
seed mass m(t) over time t, starting at m(0) = m0. The
seeds were removed from the water bath, blotted twice
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FIG. 1. Imbibition in plants seeds. (a) Photograph of soy and biomimetic seeds. (b) Schematic of the experimental setup,
and (c) zoom-in on the imbibition into the seed of radius a. The blue arrows indicate the liquid flow speed v into the porous
seed, thus gradually reducing the dry front position rf . (d) X-ray tomography images of the imbibition of water into a soy
seed. The change in gray-scale intensity indicates the binding of an iodine stain to the starch in the seed. The approximate
rotational symmetry of the scans indicate that the imbibition process in soy seeds is homogenous. See additional details of the
experimental methods in the text.
with a dry paper towel, and then immediately transferred
to the scale. Measurements were taken regularly until the
seed mass saturated; first at short, and then longer, time
intervals. Representative experimental graphs are shown
in Fig. 2(a). Starting at m0 = 1.5− 2.1 g, the seed mass
gradually increases over time, before reaching a plateau
at mmax ≃ 0.4 g after approximately 10 hours.
B. Artificial seeds
An artificial seed of diameter d = 12 mm was produced
by pouring a PDMS polymer solution (Sylgard 184, Dow
Europe, Germany) into a negative 3D-printed mold. The
solution contained 10% (wt) cross-linker and was de-
gassed for 60 min. The mold was fabricated from polylac-
tic acid (PLA) on a Ultimaker 3 printer (Ultimaker B.V.,
The Netherlands). The PDMS was cured in the mold for
2h at 100◦C, and the mass of the seed was m0 = 0.9 g.
The artifical seed was subsequently placed in a beaker
filled with the solvent Diisopropylamine. The seed was
weighed using the balance to quantify the change in seed
mass m(t) over time t, starting at m(0) = m0. The seed
was removed from the solvent bath, blotted twice with
a dry paper towel, and then immediately transferred to
the scale. Measurements were taken every hour for the
first ten hours, then regularly for the next 60 hours. A
typical experiment is illustrated in Fig. 2(b). Starting at
m0, the seed mass gradually increases over time, before
reaching a plateau at mmax ≃ 3.5 g after approximately
50 hours. The solvent-PDMS contact angle θ ≃ 150◦ was
determined following the procedure in [17].
C. X-ray imaging
To elucidate the spatial dynamics of the imbibition
process, 7 different soy seeds were imaged using a ZEISS
Xradia 410 Versa (Carl Zeiss X-ray Microscopy, Inc.,
Germany) X-ray computed tomography system. Ini-
tially, the seeds were placed in beakers filled Lugol’s
aqueous iodine solution. A seed was removed after
t = 0, 1, 2.5, 7, 10, 15 and 35 hours and placed in the
scanner. Imaging took ∼ 1 hour for each seed and fol-
lowed the protocol outlined in [18]. The CT data was re-
constructed using the Reconstruction in the Zeiss ?scout
and scan software package? (Version 11, Carl Zeiss X-ray
Microscopy, Inc., Germany), which is based on the FDK
algorithm [19], using a cone beam filtered back projec-
tion approach. The global parameters were set to be the
same for all data such that a given material in different
scans will have identical grey values.
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FIG. 2. Imbibition kinetics in real and artificial seeds. (a)
Plot of the mass m of soy seeds as a function of time t. Prior
to the experiments, the seeds were stored at temperatures
20, 50 and 80◦C for 24 hours (see legend). (b) Plot of the
mass m of a biomimetic PDMS seed as a function of time
t. Both seeds exhibit similar behavior: the mass increases
gradually until it reaches a plateau corresponding to a fully
wetted sphere.
The iodine solution provided sufficient contrast to
qualitatively follow the propagation of the liquid front
inside the seed (Fig. 1(d)). After a delay during which
the seed coat was penetrated, liquid quickly entered the
porous material. The rate of water uptake gradually re-
duced, in accord with Fig. 2(a). The approximate rota-
tional symmetry of the scans indicate that the imbibition
process in soy seeds is homogenous, suggestive of a single
pore scale porous material. Note, however, that because
the binding of iodine – and hence the observed intensity
– is a gradual process, the motion of liquid front cannot
directly be imaged in real time. We thus expect a tem-
poral delay between the arrival of the liquid front and
accumulation of sufficient iodine to appear on the CT
scan.
III. THEORY OF IMBIBITION IN PLANT
SEEDS
To rationalize the observed imbibition dynamics (Figs.
1(c) and 2), we proceed to consider the intrusion of liq-
uid into a dry homogenous porous material. Imbibition
follows the “Lucas-Washburn” law: the liquid is pulled
in by the pressure gradient created by the difference be-
tween the pressure of the source (ambient pressure) and
that of the front - the capillary pressure [1, 20–22]. The
resistance to this pressure-driven flow comes from the
narrow pores in the material and is described by Darcy’s
law giving a linear relation between water velocity v and
the local pressure gradient ∇p, typically written as
v = −k
µ
∇p, (1)
where µ is the viscosity of the fluid and k ∼ r2p is the
“permeability”, proportional to the square of the mean
radius rp of the pores.
The capillary (or Laplace) pressure is also determined
by the pore-sizes, together with the surface tension γ and
the contact angle θ:
pc = −2γ cos θ
rp
. (2)
Imbibition in a spherical geometry has previously been
studied in the context of polymer penetration into silica
agglomerates [23, 24], and the process was recently re-
viewed by Xiao et al. [1]. As long as there is no tissue
swelling, the water imbibition takes place by filling up the
pores and thus the water flow in the wet volume must be
divergence free: ∇·v = 0. Together with Darcy’s law (1)
with constant permeability k and viscosity µ this implies
that the pressure satisfies Laplace’s equation, i.e.,
∇2p = 0. (3)
Assuming a spherical geometry, where v = v(r)er is
purely radial and therefore p = p(r) then gives
p =
A
r
+B. (4)
Let us assume that the seed has the radius a and the
liquid at r = a is at ambient pressure, which we shall
denote p(a) = 0. At a given time t the front has reached
the position rf (t), where the pressure is given by Eq. (2).
Thus
pc = A
(
1
rf
− 1
a
)
. (5)
The constant A is found from Darcy’s law giving
v(r) = −k
µ
[−p′(r)] = − kA
µr2f
, (6)
where prime denotes differentiation with respect to r and
the speed is radially inward from the surface. The flow
rate q at the front (and at any radial position in the
wet volume) is found by integrating the velocity over the
surface of the sphere q(t) = 4pir2f (−v(r))
A =
µ
4pik
q (7)
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FIG. 3. Theoretical values of the normalized radius R (Eq.
(13), dashed line) and mass M (Eq. (18), solid line) plotted
as as a function of the normalized time T = t/tmax.
giving us, from Eqns. (2) and (5) the relation
pc =
µ
4pik
q
(
1
rf
− 1
a
)
= −µ
k
r2f (t)r
′
f (t)
(
1
rf (t)
− 1
a
)
,
(8)
where we have used that the front velocity rf is identical
to the fluid velocity at the front:
v(rf ) = r
′
f (t). (9)
Equation (8) can be integrated as
− 1
3a
(
a3 − r3f
)
+
1
2
(
a2 − r2f
)
=
kpc
µ
t. (10)
One interesting consequence of Eq. (10) is that the time
tmax to complete imbibition (where rf = 0) is
tmax =
1
6
µ
kpc
a2, (11)
which is proportional to the square of the radius a. We
also note that tmax is inversely proportional to the pore
size rp, since the product kpc scales as kpc ∼ r2pr−1p = rp.
Introducing the non-dimensional front position R =
rf/a and time T = t/tmax leads to
1− 3R2 + 2R3 = T, (12)
and thus there is a universal growth curve for R(T ) when
the time is also scaled by the only natural scale. The
solution to this equation is real when 0 < T < 1 and is
given by [23]
R(T ) =
1
2
− cos
[
1
3
(
cos−1[1− 2T ] + 4pi)
]
. (13)
Figure 3 shows the normalized radius R plotted as a func-
tion of normalized time T . Expanding Eq. (13) for T ≪ 1
leads to
R ≃ 1−
(
T
3
)1/2
for T ≪ 1 (14)
in accord with Lucas-Washburn theory, where the dis-
tance penetrated scales with the square root of time. For
late times the front R approaches the center of the sphere
(R = 0) as
R ≃
(
1− T
3
)1/2
for T . 1. (15)
To facilitate a direct quantitative comparison with the
experimental data (Fig. 2), we consider the mass of m(t)
of the seed
m(t) = m0 +
4pi
3
(
a3 − r3f
)
ρ0ε (16)
wherem0 is the initial (dry) mass, ρ0 is the liquid density,
and ε is the pore volume fraction. The maximum mass
is
mmax = m0 +
4pi
3
a3ρ0ε, (17)
which is attained at t = tmax. By normalizing Eq. (16)
by this value we get the dimensionless added mass
M =
m(t)−m0
mmax −m0
= 1−
(rf
a
)3
= 1−R(T )3. (18)
Figure 3 shows the normalized added mass M plotted as
a function of normalized time T . Expanding Eq. (18)
around T = 0 we find that
M(T ) ≃
√
3T − 2
3
T, (19)
which we note is a remarkably good approximation that
only differs from the full solution by 6% at T = 1.
The dynamical change in seed mass with time due to
liquid imbibition predicted by Eqs. (18) and (13) is com-
pared to the experimentally obtained values in Fig. 4
When normalized according to Eq. (16), the data ob-
tained on both natural and artificial seeds collapse to a
single curve. We observe reasonable agreement between
theory (solid line) and experiments, except for early times
T ∼ 10−3 where the imbibition process is dominated by
the hydration of the seed coat. Moreover, the data agrees
qualitatively with the tomographic images shown in Fig.
1(d): The iodine solution provided sufficient contrast to
qualitatively follow the propagation of the liquid front
inside the seed. After a delay during which the seed coat
was penetrated, liquid quickly entered the porous ma-
terial. The rate of water uptake gradually reduced, in
accord with Fig. 2(a). The approximate rotational sym-
metry of the scans indicate that the imbibition process
in soy seeds is homogenous, suggestive of a single pore
scale porous material.
A critical parameter of this study is the time to com-
plete imbibition tmax. To estimates values of tmax rele-
vant to our soy seed experiments, we use the following
parameters: a = 5mm, rp = 3nm [25], γ = 72mN/m
[26], and θ = 83◦ [27]. Assuming further that the vis-
cosity of the starch-gel is µ = 10mPa s [28] and that the
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FIG. 4. Quantitative comparison between theory and exper-
iment. The normalized mass M = (m(t)−m0)/(mmax −m0)
plotted as a function of normalized time T = T/Tmax for real
and artificial seeds (points connected by lines). The thick
solid line shows the theoretical prediction (Eq. (18)). We ob-
serve reasonable agreement between theory and experiment,
except for early times T ∼ 10−3 where the imbibition process
is dominated by the hydration of the seed coat. The data in
Fig. 2 were fitted to Eq. (18) using least squares to determine
the best estimates of the parameters tmax, mmax, and m0.
porous material consists of ideal cylindrical pores (cor-
responding to k = r2p/8) leads to tmax ≃ 6 × 103 s, in
rough accord with the observed value of tmax ∼ 104 s.
For the PDMS spheres and diisopropylamine, we use pa-
rameters rp = 0.1 nm, θ = 150
◦, γ = 20mN/m, leading
to tmax = 6.9 × 104 s, in reasonable agreement with ob-
servations (tmax ∼ 105 s).
IV. DISCUSSION AND CONCLUSION
A reasonably clear picture of the factors that influence
liquid uptake in real and artificial seeds has emerged.
In both cases, liquid permeates the substrate at a rate
which decreases gradually over time (Fig. 2). Tomo-
graphic imaging of soy seeds confirmed this by observa-
tion of the permeating liquid (Fig. 1 (d)). To rational-
ize the experimental data, we developed a model based
on capillary forces pulling the liquid into the dry porous
material. The theory predicted the temporal evolution
of the radius of the wet front R (Eq. (13)) and the seed
mass M (Eq. (18)). Our model also showed that the
time to fill the seed scales with the system parameters as
tmax ∝ µa2/(rpγ), i.e. an increase with the liquid viscos-
ity µ and seed radius a, and a decrease with the pore size
rp and surface tension γ.
The data obtained on both natural and artificial seeds
collapse onto a single curve that agrees well with our
model (Fig. 4). The observed agreement between theory
and experiments conducted on both natural and artificial
systems suggest that imbibition in soy seeds is driven
– at least initially – primarily by capillary forces. At
later times, and for other seed morphologies, however,
effects such as growth of the developing embryo or tissue
swelling may influence the process [11, 29].
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